A 22-kDa protein, caveolin, is localized to the cytoplasmic surface of plasma membrane specializations called caveolae. We have proposed that caveolin may function as a scaffolding protein to organize and concentrate signaling molecules within caveolae. Here, we show that caveolin interacts with itself to form homooligomers. Electron microscopic visualization ofthese purified caveolin homooligomers demonstrates that they appear as individual spherical particles. By using recombinant expression of caveolin as a glutathione S-transferase fusion protein, we have defined a region of caveolin's cytoplasmic N-terminal domain that mediates these caveolin-caveolin interactions. We suggest that caveolin homooligomers may function to concentrate caveolin-interacting molecules within caveolae. In this regard, it may be useful to think of caveolin homooligomers as fTishing lures" with multiple "hooks" or attachment sites for caveolin-interacting molecules.
and Rap GTPases. Based on these observations, we have proposed (1) that caveolin may function as a scaffolding protein to organize and concentrate inactive signaling molecules within caveolae membranes-for activation by appropriate receptors. This caveolae signaling hypothesis states that "compartmentalization of ceftain cytoplasmic signaling molecules within caveolae could allow efficient and rapid coupling of activated receptors to more than one effector system" (1) . In support of this view, inactive G a subunits interact directly with caveolin in a 1:1 stoichiometry-holding them in an inactive conformation (7) . Thus, knowledge of the subunit structure of caveolin is important for understanding how caveolin might function to organize or concentrate G a subunits and other signaling molecules within caveolae membranes.
In this report, we show that caveolin interacts with itself to form a discrete high molecular mass oligomer. As caveolin also interacts with G a subunits, self oligomerization of caveolin could provide a means for concentrating trimeric G proteins and other caveolin-interacting molecules within caveolae. The existence of caveolin homooligomers complexed with inactive G proteins could explain the observations of Rodbell and colleagues (8) , who observed that inactive G proteins exist as high molecular mass oligomeric complexes and that activated G proteins dissociate to monomers. Similarly, activated G proteins fail to interact with recombinant caveolin (7) .
MATERIALS & METHODS
Materials. Antibodies to carbonic anhydrase IV and glutathione S-transferase (GST) were gifts of W. S. Sly (St. Louis University) and R. Young (Whitehead Institute), respectively. Molecular weight standards for velocity gradient centrifugation were from Sigma. Conditions for the culture, cell surface biotinylation, and metabolic labeling of MDCK cells were as described (9) . Caveolin-rich membrane domains (4, 5, 9) , adipocyte plasma membrane fractions (6) , and GST-caveolin fusion proteins (7, 10) were purified as described.
Velocity Gradient Centrifugation. Samples were dissociated by incubation with 500 ,ul of Mes-buffered saline (MBS; 25 mM Mes, pH 6.5/0.15 M NaCl)/60 mM octyl glucoside. Solubilized material was then loaded atop a 5-30% linear sucrose gradient (4.3 ml) and centrifuged at 50,000 rpm (-340,000 x g) for 16 hr in a SW60 rotor (Beckman). Note that the entire gradient was prepared with MBS/60 mM octyl glucoside. After centrifugation, thirteen 380-,ul gradient fractions were collected from above. To better estimate the molecular mass of GSTcaveolin-(61-101), we modified our velocity gradients to accommodate its larger size. Samples were loaded atop a 5-40% linear sucrose gradient (4.3 ml) and centrifuged at 50,000 rpm (-340,000 x g) for 10 hr in a SW60 rotor. Gradient fractions were separated by SDS/PAGE, transferred to nitrocellulose, and subjected to immunoblot analysis with anti-caveolin IgG (2297; diluted 1:400) or anti-GST antibodies (diluted 1:1000). Biotinylated proteins were detected with iodinated streptavidin (9) . Samples were also subjected to low-angle platinum shadowing (4, 9) and two-dimensional gel electrophoresis (11) .
Chemical Cross-Linking. Samples were cross-linked with bis(sulfosuccinimidyl)suberate (BS3; Pierce) in 50 ,ul of 0.2 M sodium borate (pH 8.5) for 30 min at 4°C as suggested by the manufacturer. For caveolin homooligomers, samples contained 60 mM octyl glucoside, and plasma membrane fractions were cross-linked in the absence of detergent. After crosslinking, reactions were quenched and samples were analyzed by SDS/PAGE (5-12% polyacrylamide gels). Cross 
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although it migrates in SDS/PAGE gels with an apparent mass of 21-24 kDa. To assess the oligomeric state of caveolin and its associated cell surface components, we solubilized caveolin-rich domains with octyl glucoside and subjected this material to velocity gradient centrifugation. By comparison with the migration of molecular weight standards, most MDCK cell surface labeled components of caveolin-rich domains migrated as monomers and were effectively separated from caveolin. However, caveolin migrated as a high molecular mass complex of 300-325 kDa (Fig. IA, peak fractions 9 (Fig. 2B) . Based on the monomeric molecular weight of caveolin (21-24 kDa), these cross-linked products represent dimers, trimers, tetramers, and higher order oligomers of caveolin. Note that a doublet of 40-44 kDa is expected as two major isoforms of caveolin can be separated by SDS/PAGE (a-caveolin, 24 kDa, and 3-caveolin, 21 kDa). In some experiments, this 40-to 44-kDa doublet was further resolved into three bands. This may reflect homo-and heterodimers of the two major isoforms of caveolin. Importantly, similar results were obtained when purified plasma membrane fractions were used as the substrate for cross-linking in the absence of detergent (Fig. 2C) .
To examine the ultrastructure of purified caveolin homooligomers, we visualized these complexes by electron microscopy by using low-angle platinum shadowing. In the presence of octyl glucoside, caveolin homooligomers appeared as individual globular particles of 4-6 nm (Fig. 3A Left) . When octyl glucoside is removed by dialysis, these globular particles self-associate to form larger structures (nonlinear polymers -25 nm in diameter, arrowheads) and become sedimentable in the microcentrifuge (Fig.  14 Right) . Assembly appears to result from the side-by-side packing of individual caveolin homooligomers. Caveolin-rich membrane domains-used as the starting material for caveolin purification-are also coated with these globular subunits (Fig.  3B) . As caveolin is a principal component of the caveolae membrane in vivo, these results have implications for understanding the construction of caveolae membranes.
Functional Mapping of a Caveolin Region that Contains Oligomerization Activity. Caveolin can be divided into three domains: an N-terminal region (the N domain, residues 1-101), a membrane spanning region (the TM domain, residues 102-134), and a C-terminal region (the C domain, residues 135-178) (13, 14) . Both the N and C domains of caveolin remain entirely cytoplasmic (10, 15) .
To localize the homooligomerization activity to a given caveolin domain, we expressed these three domains (N, TM, and C) separately as GST fusion proteins. GST-caveolin fusion proteins remained soluble after purification and did not sediment in the microcentrifuge (14,000 x g; 30 min at 4°C), indicating that they do not behave as insoluble aggregates. To assess their oligomeric state, each purified GST-caveolin fusion protein was subjected to velocity gradient centrifugation under the same conditions used for endogenous caveolin. Gradient fractions were examined by SDS/PAGE and immunoblot analysis with anti-GST antibodies. Although GST-TM-caveolin and GST-C-caveolin comigrated with GST alone (a homodimer of -52 kDa) (data not shown), GST-N-caveolin migrated as a high molecular mass oligomer (Fig. 44) . It is important to note that the N domain of caveolin (residues 1-101) does not contain any Cys residues, indicating that Cell Biology: Sargiacomo et al. C prompted us to perform deletion mutagenesis of this region (residues 1-101). Deletion mutants endcoding residues 1-21 and 1-61 did not form high-order oligomers, while residues 61-101 retained this homooligomerization activity (Fig. 4A) . Fig. 4B .
To estimate the molecular mass of GST-N-caveolin-(61-101), we slightly modified our velocity gradients to accommodate its larger size so that it would migrate toward the middle of the gradient (5-40% sucrose; 10 hr). Under these conditions, GST-N-caveolin-(61-101) migrated as a discrete species (peak fraction 7; -80% of the fusion protein was recovered in this fraction) with an estimated molecular mass of 400-450 kDa, compared with standards such as apoferritin (443 kDa; peak fractions 7 and 8); none of the GST-N-caveolin-(61-101) was pelleted in these gradients (data not shown). Virtually identical estimates of molecular mass were obtained by gel-filtration chromatography on Sephacryl S-400 HR; the migration of endogenous caveolin homooligomers is shown for comparison (Fig. 4C) .
Recently, we have determined that the two isoforms of caveolin differ in their N-terminal protein sequence: a-caveolin contains residues 1-178, while 13-caveolin contains residues 32-178 (10). Thus, both isoforms contain the oligomerization residues 61-101, and herein we observe that (i) both isoforms comigrate as high molecular mass oligomers in velocity gradients ( Fig. 1 ) and (ii) chemical cross-linking of intact plasma membranes reveals hetero-and homodimers of these two isoforms ( Fig. 2 B and C) . Thus, caveolin residues 1-31 are not required for homooligomerization as we have confirmed with GST fusion proteins.
DISCUSSION
Previous morphological studies have suggested that the characteristic cytoplasmic surface of caveolae membranes is composed of integral membrane protein subunits. Caveolin, a 22-kDa integral membrane protein, has been identified as a principal component of these caveolae subunits by immunoelectron microscopy labeling (2) . These studies directly establish that caveolin exists as a large discrete complex within the membranes of intact cells (2) and also predict that caveolin might be expected to oligomerize with itself or other proteins.
Herein, we have shown that caveolin interacts with itself to form homooligomers. Caveolin behaves as a single major high molecular mass species based on a variety of methods. For example, caveolin is eluted specifically as a discrete peak in fractions 24 and 25 of a gel-filtration column between molecular mass standards of 232 kDa and 443 kDa (Fig. 4) .
Endogenous caveolin homooligomers behave as complexes with a molecular mass of -350 kDa although caveolin has a monomeric mass by SDS/PAGE of 24-25 kDa. Similarly, GST fusion proteins containing the oligomerization region (caveolin residues 61-101) behave as complexes with a molecular mass of -450 kDa although they have a monomeric molecular mass by SDS/PAGE of -32 kDa. As such, each of these complexes should contain -14 monomers. Thus, residues 61-101 can direct the formation of high molecular mass complexes of the same relative stoichiometry as endogenous caveolin homooligomers.
What could be the structural basis for this oligomerization? The a/13 coiled fold is built from a primary sequence repeat of '30 aa that assumes an a-helix at its N-terminal end and a X3-conformation at its C-terminal end. The ,B-strands of each of these units then align in a parallel fashion forming a ring-like structure containing 16 individual units (16) . Similarly, our results suggest that a 41-aa region of caveolin (residues 61-101) may assume the same secondary structure (based on primary sequence predictions) and that this region can form oligomers of the same relative stochiometry ('14 individual units).
We have suggested (1) that caveolin may function as an "organizing or clustering factor" for concentrating signaling molecules within caveolae membranes. This is based on the observation that partially purified caveolin exists as a heterooligomeric complex with signaling molecules (3) (4) (5) . How does this relate to our current observations? If each caveolin molecule binds a given signaling molecule, then caveolin would sort or concentrate signaling molecules simply by existing as a homooligomer within caveolae. In support of this hypothesis, (i) both caveolin and G proteins are concentrated within purified caveolae membranes up to 8-fold relative to total plasma membrane (3) and (ii) caveolin interacts with inactive G a subunits in a 1:1 stoichiometry (7).
As caveolin is a major v-Src substrate (13) , our current findings may also have implications for understanding v-Src transformation. Tyrosine-phosphorylated caveolip homooligomers could potentially serve as oligomeric docking sites for SH2-domain signaling molecules during v-Src transformation-much like activated growth factor receptors that oligomerize, undergo tyrosine phosphorylation, and recruit SH2-domain-containing proteins to the cytoplasmic surface of the plasma membrane.
